Abstract: Fibrillin (FBN) is a plastid lipid-associated protein found in photosynthetic organisms from cyanobacteria to plants. In this study, 10 CsaFBN genes were identified in genomic DNA sequences of cucumber (Chinese long and Gy14) through database searches using the conserved domain of FBN and the 14 FBN genes of Arabidopsis. Phylogenetic analysis of CsaFBN protein sequences showed that there was no counterpart of Arabidopsis and rice FBN5 in the cucumber genome. FBN5 is essential for growth in Arabidopsis and rice; its absence in cucumber may be because of incomplete genome sequences or that another FBN carries out its functions. Among the 10 CsaFBN genes, CsaFBN1 and CsaFBN9 were the most divergent in terms of nucleotide sequences. Most of the CsaFBN genes were expressed in the leaf, stem and fruit. CsaFBN4 showed the highest mRNA expression levels in various tissues, followed by CsaFBN6, CsaFBN1 and CsaFBN9. High-light stress combined with low temperature decreased photosynthetic efficiency and highly induced transcript levels of CsaFBN1, CsaFBN6 and CsaFBN11, which decreased after 24 h treatment. Transcript levels of the other seven genes were changed only slightly. This result suggests that CsaFBN1, CsaFBN6 and CsaFBN11 may be involved in photoprotection under high-light conditions at low temperature.
Introduction
Fibrillin is a plastid lipid-associated protein found in photosynthetic organisms from cyanobacteria to plants [1] [2] [3] [4] [5] [6] . It was first identified in a suborganellar structure called the fibril, which contains carotenoids, in red pepper chromoplasts [7, 8] . The chromoplast fibril contains nonpolar lipids (carotenoids and tocopherol), polar lipids (galactolipids and phospholipids) and fibrillin, a 32 kDa protein [8] . Fibrillin-like proteins were subsequently reported in Japanese rose, Nasturtium and Palisota barteri [9, 10] . Later, this same group of proteins were named as plastid lipid-associated proteins (PAPs), because they are located in chloroplasts and the plastids of roots, as well as chromoplasts [1] . PAP is identical to ChrB in bell pepper [7] and shows high sequence similarity with carotenoid-associated protein in cucumber chromoplasts [11] and CDSP34 [12, 13] , a protein that is induced under drought stress in potato chloroplasts. In addition, three fibrillin-like proteins were detected in the elaioplasts in
Results

FBN Family Genes in Cucumber Genomes
Through conserved domain and BLASTP searches of a cucumber genome sequence (Chinese long genome version 2) [25] from the Cucurbit Genomics Database (http://cucurbitgenomics.org/), 10 cucumber genes were predicted to encode FBN proteins (Table 1) . Ten identical FBN genes were also identified in another cucumber genome sequence (Gy14 gynoecious inbred line) in the Phytozome 11 database (https://phytozome.jgi.doe.gov). These results from the two database searches indicated that the cucumber genome has 10 FBN gene family members.
Based on similarity with Arabidopsis FBNs at the amino acid level, the 10 cucumber FBN genes were named CsaFBN1-11. Among the 10 cucumber FBN genes, the deduced protein sequence of CsaFBN1 (Csa6M512870.1) was identical to chromoplast-specific carotenoid-associated protein CHRC (Q96398) in the corollas of cucumber [11, 40] . Compared with the number of FBN genes in other plant species, determined using conserved domain searches, cucumber has fewer than other plant species, such as Arabidopsis, with 14 genes [15] but a similar number to others, such as rice, with 11 genes [23] .
Among the 10 FBN genes, the CDSs of two genes differed between Chinese long and Gy14. For one gene, CsaFBN1, Csa6M512870.1 (from var. Chinese long) differed from Cucsa.044900.1 (from var. Gy14) by two single nucleotide polymorphisms (SNPs) in the first exon, which resulted in a single amino acid change ( Figure S1 ). For the second gene, CsaFBN9, Csa6M108600.1 (from var. Chinese long) differed from Cucsa.120630.1 (from var. Gy14) by three SNPs in the first exon, which resulted in three amino acid changes ( Figure S2 ). The CDSs of the remaining eight CsaFBN genes were identical between the two varieties. Of the 10 cucumber FBN genes, two, CsaFBN7 (Csa3M807340.1) and CsaFBN8 (Csa3M640570.1), were predicted to have alternatively spliced forms, CsaFBN7-As (Csa3M807340.2) and CsaFBN8-As (Csa3M640570.2), respectively and the deduced protein sequences of the alternatively spliced forms also contained the conserved domain for plant FBN proteins (Figure 1 ). The CDSs of the cucumber FBN genes, including the alternatively spliced forms, were 636-1311 bp in size and encoded proteins of 212-437 amino acids.
Phylogenetic Relationships among Cucumber FBN Genes
The 10 FBN genes identified in the cucumber genome are divided into 10 groups among the 12 groups in photosynthetic plants, including Chlamydomonas ( Figure 2 ). CsaFBN1 was subgrouped with FBN1 genes expressed in fruits rather than in leaves [7, 14] . The other nine genes, CsaFBN2 to CsaFBN11 were closely grouped with one or two Arabidopsis and rice FBN genes ( Figure 2 ). These groupings were consistent with the results from the BLASTP searches against Arabidopsis FBN genes (Table 1) . Among the 14 Arabidopsis FBN genes, FBN5 (AT5G09820), which is essential for the synthesis of plastoquinone-9 by interacting with SPS enzyme in Arabidopsis [24] and rice [23] , had no close counterpart in cucumber (Figure 1 ). This was because cucumber FBN homologues of Arabidopsis genes could not be found by domain and BLAST search. In addition, no cucumber homologue of Arabidopsis FBN5 could be identified at the nucleotide or amino acid level by BLAST search against the two cucumber genome sequences or expressed sequence tags (ESTs; http://cucurbitgenomics.org/ blast). Group 12 of the FBNs only existed in Chlamydomonas. This result suggests that cucumber contains 10 FBN genes and may have lost the FBN5 gene, or one of the 10 FBNs performs the function of FBN5.
Gene Structure and Polymorphisms of FBN Genes in Cucumber
Among the 10 FBN genes, the genomic sequence of CsaFBN3 (Csa1M665380.1) was the longest (7769 bp), followed by that of CsaFBN7 (Csa3M807340.1, 6956 bp) and CsaFBN11 (Csa3M603030.1, 4361 bp). The genomic sequence of CsaFBN1 (Csa6M512870.1) was the shortest (1734 bp; Table 1 and Figure 2 ). All cucumber FBN genes consisted of multiple exons, ranging from 3 (CsaFBN1 and CsaFBN2) to 13 (CsaFBN11; Figure 2 ). Two alternatively spliced forms, Csa3M807340.2 for CsaFBN7 and Csa3M640570.2 for CsaFBN8, were shorter at the 3 -termini than their corresponding normal forms.
When the genomic sequences covering the CDSs of Chinese long and Gy14 were compared, a total of 37 polymorphic sites, including 10 InDels and 27 SNPs, were found in the genomic sequences of six cucumber FBN genes ( Figure 2 and Table S1 ). Most polymorphic sites were present in intron regions, except for two SNPs in the first exon region of CsaFBN1 (Csa6M512870.1) and three SNPs in the first exon of CsaFBN9 (Csa6M108600.1). The most variable region was the first intron of CsaFBN9 (Csa6M108600.1), with 15 SNPs and three InDels, followed by the first intron of CsaFBN1 (Csa6M512870.1), with six SNPs and three InDels (Table S1 ).
Expression Patterns of Cucumber FBNs in Various Tissues
The transcriptional expression patterns of the 10 FBN genes in cucumber were investigated in various tissues, including, leaf, stem, flower, root and fruit, using qRT-PCR (Figure 3) . To detect the expression of each FBN gene and to distinguish it from other members of this multigene family, gene-specific primers were designed for each gene (Table S2 ) and used for qRT-PCR analysis. Relative expression levels of all 10 FBN genes were compared with the relative expression level of CsaFBN7 in leaf ( Figure 3 ). All 10 FBN genes were expressed in all tested tissues, with varying intensities. Among the 10 genes, CsaFBN4 showed the highest expression, followed by CsaFBN6, CsaFBN1 and CsaFBN9, while CsaFBN3 and CsaFBN10 showed very low expression. CsaFBN4 was mainly expressed in the leaf, stem and fruit but not in the flower and root. CsaFBN6 and CsaFBN9 were expressed in flower as well as in the leaf, stem and fruit. CsaFBN1 transcripts were detected in all five tested tissues but higher transcript levels were detected in the leaf and fruit. CsaFBN2 showed more predominant expression in the fruit than in other tissues. Our FBN expression data in cucumbers was consistent with reports from previous studies, showing that FBNs were present in leaf chloroplasts, flowers and fruit chromoplasts [2, 12, 14] .
Expression of Cucumber FBNs under High Light Stress
Because the FBN genes in Arabidopsis, especially FBN1a, FBN1b and FBN2, are known to be involved in protection from photoinhibition under high light conditions [20, 21] , we investigated the expression changes in the 10 CsaFBN genes under high light and chilling conditions. After high light treatment, at 850 µm −1 and 15 • C for 3, 6, 12, 24 and 36 h, Fv/Fm was measured and leaf tissues were sampled for qRT-PCR. The Fv/Fm value represents the maximal fluorescence yield of PSII in a dark-adapted state (Fv, variable fluorescence; Fm, maximum fluorescence) and is used to assess functional damage in photosystem II [41] . The Fv/Fm of cucumber leaves gradually decreased and was steadily maintained for 24 h after treatment ( Figure 4A ). qRT-PCR was performed using leaf samples taken at the 0, 3, 6, 12 and 24 h time points ( Figure 4B ). CsaFBN6 transcript levels increased about 2-fold after 3 h of stress treatment and then decreased. Transcripts levels of CsaFBN1 and CsaFBN11 did not change for up to 3 h but were highly induced at 6 h, were the highest at 12 h and then decreased to the level at 6 h by 24 h. The other seven CsaFBN genes showed little fluctuation in expression at 3 h and were decreased or maintained for up to 12 h of stress treatment. Expression of these genes decreased at 24 h. These results suggest that CsaFBN1, CsaFBN6 and CsaFBN11 might be involved in photoprotection in cucumber by responding to high light stress with chilling. (1) Gene id in cucumber genome database in Cucurbit Genomics database (http://cucurbitgenomics.org/organism/2); (2) Gene id in cucumber genome database in Phytozome 11
(https://phytozome.jgi.doe.gov/pz/portal.html#!info?alias=Org_Csativus); (3) As, alternative spliced form predicted in Cucumber genome annotation v2 (http://cucurbitgenomics. org/organism/2); (4) The gene in cucumber genome database in Phytozome 11 encodes 664 amino acids, which is 74 aa larger than those encoded by Csa3M603030.1; (5) Location on chromosome, position of mRNA predicted in cucumber genome v2 (http://cucurbitgenomics.org/organism/2). (Table S1 ). (Table S1 ). (Table S1 ). 
Discussion
FBNs are present in photosynthetic organisms and have been reported to be necessary for optimizing photosynthesis [5, 20, 21, 24] . Cucumber is an economically important crop [25] that is known to be susceptible to low temperatures. Chilling stress of cucumber is thought to be related to fatty acid saturation in the chloroplast membrane [34] . Since the photosynthetic ability of cucumber under high light stress has not been well studied, we investigated the expression of FBN genes under high light stress combined with moderately cold conditions. We investigated cucumber FBN genes identified in a genome-wide search of two independent genome databases and only 10 genes encoding FBN proteins were identified. The genomic structure and SNP analyses of the same FBN genes in the Chinse long and Gy14 lines indicated that the sequences of CsaFBN1 and CsaFBN9 are the most diverse (Figure 2 ). Phylogenetic analysis showed that the 10 cucumber FBN genes identified in this study were divided into 10 groups, as was reported in Arabidopsis and rice [15, 23] , although no gene belonging to Group 5 (FBN5) was found in the two cucumber genomes (Table 1, Figure 1 ). Plant FBN1, FBN2 and FBN4 genes have been identified in many plants and have been reported to respond to abiotic stress [19] [20] [21] . Interestingly, CsaFBN1, CsaFBN2 and CsaFBN4 were the third, 
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The absence of FBN5 in the cucumber genome is a mystery (Table 1) . FBN5 is essential for plant growth, as it is a component of the SPS protein complex, which is essential for the formation of the SPP tail of plastoquinone-9 [23, 24] . In Arabidopsis and rice, SPS enzymes require interaction with FBN5 for the synthesis of SPP. We identified only one SPS gene in the cucumber genome databases, SPS1 and it (Csa4G082310) shows high identity with Arabidopsis SPS1 and SPS2 as well as rice SPS2 (Figure S3 ), suggesting that cucumber SPS1 would also require FBN5 for efficient enzymatic activity. This speculation suggests that another FBN may fulfill the role of FBN5 in cucumber. We analyzed the pI and hydrophobicity of the FBN proteins in cucumber, Arabidopsis and rice to determine the similarity and conservation among FBN proteins in these three plant species. The results showed that most FBN orthologues were grouped by pI rather than hydrophobicity. CsaFBN6 of cucumber was found to have similar pI to Arabidopsis and rice FBN5 rather than Arabidopsis and rice FBN6 ( Figure S4 ). When the amino acid sequences of Arabidopsis FBN5 and FBN6, rice FBN5 and CsaFBN6 were compared, CsaFBN6 showed high identity with Arabidopsis FBN6 and very interestingly, CsaFBN6 contained the conserved FV**R motif found in Arabidopsis and rice FBN5, which is absent in Arabidopsis FBN6 ( Figure S5 ). Previously, Kim et al. [24] showed that an alternatively spliced form of Arabidopsis FBN5, which has an alteration in this region, could not interact with SPS. Thus, we were tempted to suggest that CsaFBN6 may interact with SPS and function similar to FBN5 in Arabidopsis and rice [23, 24] . However, whether CsaFBN6 plays a role in SPS activity in cucumber requires confirmation in vitro and in vivo.
Comparison of the expression levels of the 10 FBNs of cucumber under high light and chilling stress showed that most of the CsaFBN genes tended to decrease or fluctuate very little with the decrease in photosynthetic ability (Figure 4) . However, the expression levels of CsaFBN1, CsaFBN6 and CsaFBN11 increased and was maintained at high levels during stress. These results suggest that CsaFBN1, CsaFBN6 and CsaFBN11 are the main FBN genes that respond to light stress combined with chilling. Similarly, Arabidopsis FBN1 (AT4G04020) and FBN6 (AT5G19940) were also regulated by cold and light stress (Tables S4 and S5 ). On the other hand, unlike CsaFBN4, Arabidopsis FBN4 (AT3G23400) was highly up-regulated by light stress (Table S5) .
Future investigations of their roles during stress would be exciting. Characterization of the FBN genes in cucumber and their expression under high light stress with chilling provides the basic information that could be used to develop cucumber resistant to high light with chilling stress.
Materials and Methods
Plant Materials and Growth Conditions
To analyze FBN gene expression, a Korean semi-white type cucumber inbred line (SJ170) provided by Dr. Kihwan Song (Sejong University, South Korea), was used. Cucumber was grown in soil under a 16 h/8 h light/dark photoperiod, with 100 µmol m -2 s -1 fluorescent light, at 23 • C, as normal conditions. For high light stress combined with low temperature stress, six-week-old plants were transferred to growth chambers, with 850 µmol m -2 s -1 fluorescent light, at 15 • C.
Identification of the FBN Genes in Cucumber Genomes
Two approaches were used to find FBN family genes in cucumber genomes. First, the conserved domain in plant FBN was used in a search. For this search, two sets of deduced protein sequences (25,600 and 21,503) from two cucumber genomes were respectively downloaded from the Cucurbit Genomics Database (Chinese long genome version 2, http://cucurbitgenomics.org/organism/2) [25, 42] and Phytozome 11 database (Gy14 gynoecious inbred line, https://phytozome.jgi.doe.gov/pz/portal. html#!info?alias=Org_Csativus) and then analyzed by InterProScan (ver. 5.16-55.0, https://www.ebi. ac.uk/interpro/, EMBL-EBI, Cambridgeshire, UK) using the Pfam option to search for conserved domains. Protein sequences with plastid lipid-associated protein/FBN conserved domain (IPR006843, http://www.ebi.ac.uk/interpro/entry/IPR006843) were selected. In the second approach, we searched for sequences homologous to Arabidopsis FBN proteins. For this approach, the deduced protein sequences of 14 Arabidopsis FBN genes [15] were used as queries in BLASTP searches against the deduced protein sequence sets in the cucumber genome database (Chinese long genome version 2, http://cucurbitgenomics.org/blast; Gy14 gynoecious inbred line, https://phytozome.jgi.doe.gov/ pz/portal.html#!search?show=BLAST&method=Org_Csativus). We then selected cucumber protein sequences with scores >200 from the BLASTP results and used in a search for the conserved domain of plant FBN using the InterPro web-based search tool (https://www.ebi.ac.uk/interpro/) and CD search tool (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi). Finally, cucumber genes encoding the conserved plant FBN domain were selected for further study. The chromosomal location and genome structure of selected genes were analyzed based on gene annotation information provided in the Cucurbit Genomics Database.
Phylogenetic Analysis of FBN Genes
The deduced protein sequences of the cucumber FBN genes were aligned with those of Arabidopsis and other plants [15, 23] by ClustalW in MEGA 7.0 (https://www.megasoftware.net/) [43] . Then, a phylogenetic tree was generated by the Maximum Likelihood (ML) method with 1000 bootstrap replicates using MEGA 7.0.
Sequence Polymorphism Analysis of the FBN Genes in Two Cucumber Varieties
The genomic sequences containing the coding sequences (CDSs) of the cucumber FBNs were retrieved from the two cucumber genome databases for the varieties Chinese long and Gy14 gynoecious inbred line. The sequences of each FBN gene were aligned using NCBI Global Align (https://blast. ncbi.nlm.nih.gov/Blast.cgi) and polymorphic sites were investigated.
Quantitative Real-Time RT-PCR Analysis
The leaves of a cucumber plant were sampled at 0, 3, 6, 12, 24 and 36 h after high light treatment under low-temperature conditions and tissues, including leaf, stem, flower, root and fruit, were sampled from plants raised for two months. Total RNAs were extracted using the Plant RNA kit (Qiagen, Germany) and treated with RNase-free DNase I to remove genomic DNA. Then, cDNA was synthesized from the total RNA using the cDNA Synthesis kit (Takara, Japan) according to the manufacturer's recommendations. Real-time PCR was performed with SYBR Green premix and the primers used for real-time qRT-PCR are listed in Table S2 . The expression values for each CsaFBN gene was normalized relative to the CsaeIF4a (Csa7G450710) gene. Relative expression levels from the qRT-PCR reactions, which were performed with biological triplicates using total RNA samples extracted from three independent replicate samples, were evaluated by the comparative 2 −∆∆CT method [44] .
Measurement of Photosynthetic Parameters
The maximal fluorescence yield of PSII (Fv/Fm) was measured with a Fluorpen FP 100 (PSI, Drasov, Czech). Plant leaves were dark adapted for 15 min before measuring using leaf clips and then light was provided at 3000 µmol m -2 s -1 . Fv/Fm was calculated as follows: (Fm − Fo)/Fm, where Fm is the maximal chlorophyll fluorescence intensity and Fo is the minimal chlorophyll fluorescence intensity. Measurements were obtained in four repetitions from six individual plants.
Conclusions
In this study, 10 CsaFBN genes were identified in two cucumbers, Chinese long and Gy14. Cucumber contains orthologues of all Arabidopsis and rice FBN genes, except for FBN5. The 10 cucumber FBN genes are expressed at different levels in various tissues but their expression levels were high in the leaf and fruit tissues. High light with chilling stress decreased the photosynthetic capacity of cucumber and under these conditions, transcript levels of CsaFBN1, CsaFBN6 and CsaFBN11 were highly induced. This study provides information for functional characterization of the FBNs in cucumber.
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